Abstract Tumor necrosis factor-related apoptosis inducing ligand (TRAIL) shows promise as a chemotherapeutic agent. However, many human cancer cells are resistant to killing by TRAIL. We have previously demonstrated that reovirus infection increases the susceptibility of human lung (H157) and breast (ZR75-1) cancer cell lines to TRAILinduced apoptosis. We now show that reovirus also increases the susceptibility of human ovarian cancer cell lines (OV-CAR3, PA-1 and SKOV-3) to TRAIL-induced apoptosis. Reovirus-induced increases in susceptibility of OVCAR3 cells to TRAIL require virus uncoating and involve increased activation of caspases 3 and 8. Reovirus infection results in the down-regulation of cFLIP (cellular FLICE inhibitory protein) in OVCAR3 cells. Down-regulation of cFLIP following treatment of OVCAR3 cells with antisense cFLIP oligonucleotides or PI3 kinase inhibition also increases the susceptibility of OVCAR3 cells to TRAIL-induced apoptosis. Finally, over-expression of cFLIP blocks reovirus-induced sensitization of OVCAR3 cells to TRAIL-induced apoptosis. The combination of reovirus and TRAIL thus represents a promising new therapeutic approach for the treatment of ovarian cancer.
Introduction
Ovarian cancer is a major gynecological malignancy and ranks fifth as the cause of cancer deaths in women [1] . Most patients present with late stage disease and the long term survival for patients with advanced high-grade ovarian cancer remains less than 5% [2] . The major factor that limits the effectiveness of chemotherapy in patients with advanced ovarian cancer is the acquisition of resistance [2] . New treatment strategies that overcome intrinsic and acquired resistance are therefore needed.
Tumor necrosis factor (TNF)-related apoptosis inducing ligand (TRAIL) induces apoptosis in a wide variety of tumor cells, both in vivo and in vitro, whilst being relatively nontoxic to normal cells [3] [4] [5] [6] [7] . TRAIL binds to cell surface death receptors TRAIL-R1 and TRAIL-R2 [8, 9] . TRAIL-R1 and TRAIL-R2 have a cytoplasmic death domain (DD) which recruits the adaptor molecule FADD (Fas associated death domain) [10] . FADD then recruits pro-caspase 8 via its death effector domain (DED) to form the death inducing signaling complex (DISC) where activation of caspase 8 (also called FLICE) appears to involve two subsequent cleavage events [11] [12] [13] .
TRAIL can also bind to two cell surface decoy receptors (TRAIL-R3 and TRAIL-R4) which are unable to transduce death signals due to a truncated or absent intracellular domain [14] [15] [16] . In addition, soluble death receptors, such as osteoprotegerin (OPG) [17, 18] , are produced by some cancer cells and can act as survival factors for human cancer cells in vitro [19] [20] [21] .
Preclinical studies using recombinant TRAIL in animal models have demonstrated a potent anti-tumor effect [22] . However, not all tumor cell lines respond to TRAIL. The lack of response to TRAIL has been associated with multiple factors including loss of caspase 8 [23, 24] , activation of NF-κB [25] , alteration in the expression of genes encoding Bcl-2 family members [26] [27] [28] and over-expression of decoy receptors [29] or cFLIP [5, 30] .
Previous studies have demonstrated that ovarian cancer cell lines show variable sensitivity to TRAIL-induced apoptosis that can be enhanced by chemotherapy [31] [32] [33] [34] [35] . The expression of cFLIP may be especially important in determining TRAIL sensitivity in ovarian cancer cell lines [35] . cFLIP is differentially expressed in 40% of epithelial ovarian tumors compared with normal ovarian epithelium [36] . In addition, a significant enhancement in cell death was seen in ovarian cancer cells when c-FLIP levels were down-regulated by RNA interference [33] .
Active cFLIP proteins exist as long (cFLIP L, 55 kDa) and short (cFLIP S , 26 kDa) splice variants, both of which contain two DEDs and compete with caspase 8 for recruitment to FADD. cFLIP L closely resembles the overall structure of pro-caspase 8 allowing the formation of caspase 8/cFLIP L heterodimers. The C-terminus of cFLIP L contains an activation loop that overlaps and exposes the enzymatic pocket of caspase 8 to allow partial processing and release of the p10 fragment but not further cleavage to fully active caspase 8 [37] . Interestingly, when cellular levels of cFLIP L are high it can also act as an activator of caspase 8 [38] [39] [40] .
Reoviruses are commonly isolated from human respiratory and gastrointestinal tracts and are considered "orphan" viruses because they are not associated with clinical illness in humans. Reoviruses preferentially replicate in cells with an activated Ras pathway [41] [42] [43] , a feature of many human cancers. Reovirus infection results in oncolysis of numerous human cancer cells in vitro [44] [45] [46] [47] [48] , including ovarian cancer cells [44] and in the significant regression of a variety of tumors established in mice from human cancer cells [43] [44] [45] [46] [47] [48] . In mouse models both intratumoral and intravenous inoculation of reovirus induce the significant regression of ovarian tumors implanted in the hind flank [44] . It has also been shown that reovirus infection is restricted to ovarian cancer cells, both in vitro and in vivo, whilst normal ovarian cell lines and normal tissue surrounding the implanted tumor remain uninfected [44] .
In this study we demonstrate that reovirus increases the susceptibility of human ovarian cancer cells (OVCAR3, PA-1 and SKOV-3) to TRAIL. The reovirus-induced increase in susceptibility of OVCAR3 cells to TRAIL is dependent on caspase 8 and is associated with the increased activation of caspases 8 and 3 and the down-regulation of cFLIP. Downregulation of cFLIP expression following treatment with antisense cFLIP oligonucleotides or inhibition of PI3 kinase signaling also increases the susceptibility of OVCAR3 cells to TRAIL. Our results have implications for the use of reovirus infection or cFLIP down-regulation in combination with TRAIL for the treatment of ovarian cancer.
Materials and methods

Cells and virus
The human ovarian cancer cell line, OVCAR3, was obtained from the University of Colorado Cancer Center. OV-CAR3 cells were grown in Optimem (Invitrogen, Carlsbad, CA) supplemented with 2.4 mM L-glutamine and containing 10% heat inactivated fetal bovine serum. HeLa cells (ATCC CCL2) were grown in Eagle's minimal essential medium (MEM) supplemented with 2.4 mM L-glutamine, nonessential amino acids, 60 U/ml each of penicillin and streptomycin and containing 10% fetal bovine serum (Gibco/BRL). The ovarian cancer cell line PA-1 (ATCC CRL-1572) was grown in minimal essential medium with 2 mM L-glutamine and Eales BSS adjusted to contain 1.5 g/L sodium bicarbonate, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate and 10% heat-inactivated fetal bovine serum. SKOV-3 cells (ATCC HTB-77) were a kind gift from Dr. Kian Behbakht (University of Colorado Health Sciences Center. SKOV-3 cells were grown in McCoys 5a medium with 1.5 mM L-glutamine adjusted to contain 2.2 g/L sodium bicarbonate and 10% fetal bovine serum. Reovirus (Type 3 Abney, T3A) is a laboratory stock, which has been plaque purified and passaged (twice) in L929 (ATCC CCL1) cells to generate working stocks [49] . Infections were carried out at a multiplicity of infection (MOI) of 10. For infections, growth media was removed from cells and was replaced with virus in 200 µl gelatin saline. Cells and virus were incubated at 37
• C for 1 h with rocking every 15 mins. After this time fresh growth media was added to the cells. Mock infections were performed as above except without virus. To prevent viral uncoating infections were carried out at 4
• C for 1 h with rocking every 15 mins (to allow viral adsorption but not internalization). Growth media containing ammonium chloride (10 mM) was then added back to the cells to prevent viral uncoating [50] .
Reagents TRAIL was obtained from Sigma-Aldrich (St. Louis, MO, K4761). This preparation of TRAIL consists of the extracellular domain of human TRAIL with a histidine tag at the amino terminus. The cell permeable caspase 8 inhibitor IETD-fmk was obtained from Clontech (Mountain View, CA) and was used at a concentration of 20 µM. Wortmannin was obtained from Calbiochem (San Diego, CA) and was used at a concentration of 2 µM. Cells were pre-treated with IETD-fmk or wortmannin for 1 h prior to virus infection or TRAIL-treatment. Antisense and sense oligonucleotides were prepared by Integrated DNA Technologies (IDT, Skokie, IL) at a concentration of 1 µM following HPLC purification. Phosphothionate bonds present between nucleotides were included to enhance cell permeability. Antisense cFLIP:5 -gatttcagcagacatcctac-3 and sense cFLIP: 5 -catcctacagacgacttcag-3 sequences were used [51, 52] . Oligonucleotides were added directly to the media and cells were incubated for 18-24 h prior to TRAIL treatment. The plasmid pEGFP-N1, which was designed to over-express cFLIP was a gift from Dr. Gregory Gores, Mayo Clinic.
Western blotting
Following treatment, cells were pelleted by centrifugation, washed twice with ice-cold phosphate-buffered saline and lysed by sonication in 200 µl of a buffer containing 15 mM Tris, pH 7.5, 2 mM EDTA, 10 mM EGTA, 20% glycerol, 0.1% NP-40, 50 mM β-mercaptoethanol, 100 µg/ml leupeptin, 2 µg/ml aprotinin, 40 µM Z-D-DCB, and 1 mM PMSF. The lysates were then cleared by centrifugation at 16,000 × g for 5 min, normalized for protein amount, mixed 1:1 with SDS sample buffer (100 mM Tris, pH 6.8, 2% SDS, 300 mM β-mercaptoethanol, 30% glycerol, and 5% pyronine Y), boiled for 5 min and stored at −70
• C. Proteins were electrophoresed by SDS-PAGE (13% gels) and probed with antibodies directed against cleaved PARP (Cell Signaling Technology, Danvers MA, #9541), caspase 8 (Cell Signaling Technology #9746) and cFLIP (Axxora, San Diego CA, #PSC-1159 and Abcam, Cambridge, MA #ab10864 and # ab21486). All lysates were standardized for protein concentration with antibodies directed against actin (Oncogene, Cambridge, MA #CP01). Autoradiographs were quantitated by densitometric analysis using a Fluor-S MultiImager (BioRad Laboratories, Hercules, CA).
Apoptosis assays
Apoptotic nuclear morphology and cell viability were determined by staining with acridine orange and ethidium bromide at a final concentration of 1 µg/ml each. Following staining, cells were examined by epifluorescence microscopy (Nikon Labophot-2: B-2A filter, excitation, 450-490 nm; barrier, 520 nm; dichroic mirror, 505 nm). The percentage of cells containing condensed nuclei and/or marginated chromatin in a population of 100 cells was recorded. Cells which contained condensed nuclei that stained green (acridine orange) were considered to be early apoptotic whereas cells which contained condensed nuclei that stained red (ethidium bromide) were considered to be late apoptotic. The specificity of this assay has been previously established in reovirus-infected cells using DNA laddering techniques and electron microscopy [53, 54] . Cell populations were also analyzed by flow cytometry to determine intracellular levels of active caspase 8, using a fluorochrome inhibitor of caspases (FLICA, Immunochemistry Technologies, Bloomington, MN) and to determine phosphatidyl serine exposure on the outer cell membrane by annexin assay (Trevigen).
Immunocytochemistry
Cells were grown on 8-well chamber slides coated with rat-tail collagen (Becton Dickenson, Germantown, WI, 354630). Following treatment cells were fixed with 3.7% formaldehyde/phosphate-buffered saline (PBS) for 15 min at room temperature. Following 3 washes in PBS cells were permeablized overnight at 4
• C in PBS containing 0.1% TritonX (PBSX). Cells were then blocked in PBSX with 5% BSA for 2-4 h at room temperature before being incubated overnight at 4
• C with antibodies directed against cleaved (active) caspase 3 (Cell Signaling Technologies #9661) at a 1:100 dilution in PBSX with 3% BSA. After washing ( × 3) in PBSX cells were incubated with secondary anti-rabbit IgG conjugated to FITC (Vector Laboratories, Burlingame, CA, FI 1200) for 1 h at room temperature and were washed again ( × 3) in PBSX, before being counterstained with Hoechst 33342 (Invitrogen/Molecular Probes, H 3570) for 10 min at room temperature. Cells were then washed again ( × 3) in PBSX before being mounted with vectashield (Vector Laboratories, H1000) and digitally imaged using a Zeiss Axioplan2 epifluorescence microscope.
Results
Reovirus increases the susceptibility of OVCAR3 cells to TRAIL-induced apoptosis in a caspase 8 dependent manner
We have previously shown that reovirus increases the susceptibility of human breast (ZR75-1) and lung (H157) cancer cells to TRAIL-induced apoptosis [54] . We next wanted to discover whether reovirus could also increase the susceptibility of human ovarian cancer cells to TRAIL-induced apoptosis and to determine the mechanism by which this occurs. The human ovarian cancer cell lines OVCAR3, PA-1 and SKOV-3 were infected with reovirus (multiplicity of infection, MOI, 10). After 24 (OVCAR3, PA-1) or 8 (SKOV-3) h cells were then treated with TRAIL (20 ng/ml) and apoptosis was determined after a further 18 h by determination of nuclear morphology using acridine orange and ethidium bromide stains. TRAIL susceptibility was significantly (P < 0.001) enhanced in all three ovarian cancer cells lines (Fig. 1) . A shorter infection time was used for SKOV-3 cells since reovirus infection alone induced around 80% apoptosis after 42 h in these cells. Even with the shorter viral infection period these cells showed the highest levels of apoptosis in cells treated with virus alone. However it should be noted that even under the extended (42 h) infection times reovirus infection produced an early apoptotic phenotype whereas in . Twenty four (OVCAR3 and PA-1) or 8 (SKOV3) h later the cells were treated with TRAIL (20 ng/ml) and apoptosis was determined after a further 18-24 h. Apoptosis was significantly (P < 0.001, * * * ) enhanced in PA-1 and SKOV-3 and OVCAR3 cells treated with reovirus and TRAIL compared to cells treated with TRAIL or reovirus alone. Apoptosis was also significantly (P < 0.001, * * * ) enhanced in OV-CAR3 cells treated with reovirus and TRAIL compared to OVCAR3 cells treated with TRAIL and reovirus in the presence of IETD-fmk. (B) OVCAR3 cells were treated with TRAIL (20 ng/ml) for 1 h prior to being infected with reovirus (MOI 10). Apoptosis was determined after a further 35 h. Apoptosis was significantly (P < 0.001, * * * ) enhanced in cells treated with reovirus and TRAIL compared to cells treated with TRAIL or reovirus alone. The graphs (A and B) show the percentage of cells with apoptotic nuclear morphology from at least 3 independent experiments for OVCAR3 and PA-1 cells and 2 independent experiments for SKOV-3 cells. Error bars represent standard errors of the mean. The effect of reovirus and TRAIL on apoptosis in OVCAR3 cells was found to be synergistic as determined by a 2 × 2 factorial ANOVA both when reovirus was added before TRAIL (C, see above for details) and when TRAIL was added before reovirus (D, see above for details) the population of cells treated with both reovirus and TRAIL the majority of cells had a late apoptotic phenotype (not shown).
Significant (P < 0.001) increases in apoptosis were also observed in OVCAR3 cells in which TRAIL treatment preceded reovirus infection by 1 h (Fig. 1(B) ). Under these conditions cells were harvested 36 h following TRAIL treatment.
The effects of TRAIL and reovirus on the induction of apoptosis in OVCAR3 cells resulted in statistically significant synergy as determined by a 2 × 2 factorial ANOVA as described by Slinker ( Fig. 1(C, D) ) [55] .
The reovirus-induced increase in the susceptibility of OV-CAR3 cells to TRAIL was significantly (P < 0.001) reduced in the presence of IETD-fmk, demonstrating that this effect requires caspase 8 activity (Fig. 1(A) ). These results are similar to what we had previously observed following reovirus infection of ZR75-1 cells [54] .
The reovirus-induced increase in susceptibility of human ovarian cancer cells to TRAIL was also examined by annexin assay. PA-1 and SKOV-3 cells were infected with reovirus (MOI 10). Eighteen h following infection cells were treated with TRAIL (20 ng/ml) and were then harvested and stained with a combination of FITC-labelled annexin and propidium iodide after a further 4-6 h. A significant (P < 0.01) increase in annexin positive, propidium iodide negative (early apoptotic) cells in PA-1 and SKOV-3 cells treated with TRAIL and reovirus compared to cells treated with TRAIL or reovirus alone was demonstrated (Fig. 2) . OVCAR3 cells showed high background staining and were not used for the experiment.
These experiments indicated that reovirus increases the susceptibility of a variety of human ovarian cancer cells to TRAIL-induced apoptosis. We chose OVCAR3 cells to further explore the mechanism by which reovirus increases the susceptibility of human ovarian cancer cells to TRAILinduced apoptosis.
Reovirus increases the susceptibility of OVCAR3 cells to TRAIL-induced activation of caspase 3 in a caspase 8-dependent mannner We next showed that reovirus increases the activation of caspase 3 in TRAIL-treated OVCAR3 cells. OVCAR3 cells were infected with reovirus (MOI 10) for 18 h prior to TRAIL-treatment (20 ng/ml) and were incubated with TRAIL for 6 h before being harvested for western blot analysis and immunocytochemistry (ICC). Six h was chosen as an appropriate time to determine caspase 3 activity since we expected this to occur prior to the appearance of apoptotic nuclear morphology. To determine the activity of caspase 3 in reovirus-infected, TRAIL-treated cells western blot . After a further 6 h cells containing cleaved PARP were determined by western blot analysis (A) and cells expressing activated caspase 3 were determined by immunocytochemistry (ICC) (B). Anti-actin antibodies were used to control for protein loading. The graph shows the percentage of cells containing activated caspase 3 from three independent experiments. Error bars indicate the standard error of the mean. Caspase 3 activation was significantly (P < 0.001, * * * ) enhanced in cells treated with reovirus and TRAIL compared to cells treated with TRAIL or reovirus alone and compared to cells treated with TRAIL and reovirus in the presence of IETD-fmk analysis was performed using an antibody directed against cleaved PARP, a product of caspase 3 activity. Six h following TRAIL treatment increased PARP cleavage was evident in cells treated with reovirus and TRAIL, compared to cells treated with TRAIL alone (Fig. 3(A) ). In addition, ICC was performed using an antibody directed against active caspase 3. Six h following TRAIL treatment 32% of TRAIL-treated, mock-infected OVCAR3 cells were found to contain active caspase 3, compared to 92% of TRAIL-treated, reovirusinfected cells (P < 0.001, Fig. 3(B) ). No activated caspase 3 was seen in cells treated with reovirus alone.
Activation of caspase 3 was significantly blocked by inhibition of caspase 8 activity in both cells treated with reovirus and TRAIL (P < 0.001) and in cells treated with TRAIL alone (P < 0.001, Fig. 3(B) ), again demonstrating that the reovirus-induced increase in the susceptibility of OVCAR3 cells to TRAIL requires caspase 8 activity.
Reovirus increases caspase 8 activation in TRAIL-treated OVCAR3 cells
Having shown that caspase 8 activity was required for sensitization of OVCAR3 cells to TRAIL-induced apoptosis and caspase 3 activation we next wanted to determine whether reovirus induced increased levels of caspase 8 activity in TRAIL-treated cells. OVCAR3 cells were infected with reovirus or were mock-infected for 18 h prior to TRAIL treatment and were incubated with TRAIL for 4 or 6 h before being harvested for FLICA assays or western blot analysis respectively using probes or antibodies specific for activated caspase 8 (Fig. 4(A) ). Four hours was chosen as an appropriate time to determine caspase 8 activity by FLICA analysis since we expected caspase 8 activation to precede caspase 3 activation. Four h following TRAIL treatment 22% of reovirus-infected OVCAR3 cells contained active caspase 8 by FLICA assay, compared to 7% of TRAIL-treated mock-infected cells (P < 0.05) and 4% of cells infected with reovirus alone (P < 0.01).
Increased activation of caspase 8 in reovirus-infected TRAIL-treated OVCAR3 cells compared to cells treated with TRAIL alone was also demonstrated by western blot analysis (Fig. 4(B) ). Six h following TRAIL treatment western blot assays demonstrated the presence of the active (p18) fragment of caspase 8 only in reovirus-infected, TRAIL-treated cells and not in cells treated with TRAIL-alone. Cleavage of full-length pro-caspase 8 was also seen under these conditions. The appearance of a p41/43 band (representing partial cleavage of pro-caspase 8), but no detectable decrease in levels of pro-caspase 8, were observed in TRAIL-treated OVCAR3 cells. No evidence of caspase 8 activation was seen in mock infected cells or in cells infected with reovirus alone. only Bcl-2 family member Bid promotes the release of proapoptotic mitochondria factors, including the second mitochondrial activator of caspases (smac), following caspase 8-dependent cleavage. Released smac contributes to apoptosis by reducing levels of cellular IAPs (cellular inhibitors of apoptosis proteins), including XIAP, which has the effect of increasing caspase 3 activity. OVCAR3 cells were infected with reovirus or were mock-infected for 18 h prior to TRAIL treatment and were incubated with TRAIL for 6 h before being harvested for western blot analysis antibodies specific for Bid and XIAP (Fig. 4(B) ). Decreased levels of Bid and XIAP were seen in reovirus-infected, TRAIL-treated cells compared to cells treated with TRAIL or reovirus alone indicating that reovirus enhances mitochondrial signaling in TRAIL-treated cells.
The reovirus-induced increase in the susceptibility of OVCAR3 cells to TRAIL requires viral uncoating
We used ammonium chloride (AC), which inhibits endosomal acidification, viral uncoating and viral release into the cytoplasm [56] to determine whether viral uncoating and release into the cytoplasm was required for reovirus-induced sensitization of OVCAR3 cells to TRAIL. In the presence of AC reovirus no longer increased the susceptibility of OVCAR3 cells to TRAIL-induced apoptosis (Fig. 5(A) ). Similarly, AC inhibited the ability of reovirus to induce increased PARP cleavage and caspase 8 activation in TRAIL-treated OVCAR3 cells (Fig. 5(B) ). As expected, AC had no effect on apoptosis seen in OVCAR3 cells treated with TRAIL alone (Fig. 5(A) ). These results indicate that, in addition to being required for reovirus-induced cancer cell death, virus uncoating is also required for the ability of reovirus to increase the susceptibility of OVCAR3 cells to TRAIL-induced apoptosis.
Reovirus down-regulates cFLIP in infected OVCAR3 cells FLICE inhibitory protein (cFLIP) is a cellular inhibitor of caspase 8 activation. Having shown that reovirus increases caspase 8 activation in TRAIL-treated cells and that this leads to increased activation of caspase 3 and apoptosis we next investigated levels of cFLIP in OVCAR3 cells. TRAIL treatment of OVCAR3 cells was not found to result in changes in the expression of either of the anti-apoptotic isoforms of cFLIP, cFLIP long (cFLIP L , 55 kDa) or cFLIP short (cFLIP S , 25 kDa) (Fig. 6) . In contrast, TRAIL treatment of the TRAILsensitive HeLa cell line [54] resulted in a marked decrease in the expression of cFLIP L and a less dramatic but consistent decrease in cFLIP S . These results suggest that decreased levels of cFLIP expression are associated with apoptosis in TRAIL-treated cells. were analyzed by western blotting using antibodies directed against cFLIP L and cFLIP S . Anti-actin antibodies were used to control for protein loading. Densitometric analyses of the blots for cFLIP L (B) and cFLIP S (C) are shown. At 18 or 24 h following TRAIL treatment levels of both cFLIP L (P < 0.001, * * * ) and cFLIP S (P < 0.01, * * ) were significantly reduced in HeLa cells compared to levels in untreated cells. No significant decreases in cFLIP levels were observed in TRAILtreated OVCAR3 cells Fig. 7 Reovirus down-regulates cFLIP in infected OVCAR3 cells. OVCAR3 cells were infected with reovirus (MOI 10). After 18 h cells were then treated with TRAIL (20 ng/ml). Cells were harvested after a further 24 or 6 h and were analyzed by western blotting using antibodies directed against cFLIP L or cFLIP S , respectively. Anti-actin antibodies were used to control for protein loading both the presence and absence of TRAIL treatment (Fig. 7) . Since cFLIP is an inhibitor of caspase 8 activation its downregulation following reovirus infection would be expected to enhance caspase 8 activation and potentiate apoptosis in TRAIL-treated cells.
Inhibition of cFLIP expression increases the susceptibility of OVCAR3 cells to TRAIL-induced apoptosis
Having shown that reovirus down-regulates cFLIP in OV-CAR3 cells we wanted to determine whether downregulation of cFLIP expression using antisense (AS) oligonucleotides or by inhibition of PI3 kinase also increased the susceptibility of OVCAR3 cells to TRAIL-induced apoptosis. Cells were incubated with AS oligonucleotides for 24 h prior to TRAIL treatment and were assayed for apoptosis after a further 18 h. Figure 8(A) shows that the presence of 1 µM AS cFLIP significantly (P < 0.05) increased the susceptibility of OVCAR3 cells to TRAIL resulting in 50% apoptosis compared to 20% seen in cells treated with TRAIL alone. The AS cFLIP oligonucleotides down-regulated the expression of both forms of cFLIP in OVCAR3 cells, although not as efficiently as reovirus infection (not shown). In contrast an oligonuceotide containing scrambled cFLIP sequences did not increase the susceptibility of OVCAR3 cells to TRAIL-induced apoptosis (Fig. 8(A) ).
Inhibition of PI3 kinase has been shown to down-regulate cFLIP expression in some cancer cells [51, 57, 58] . After finding that inhibition of PI3 kinase using wortmannin decreased cFLIP expression in OVCAR3 cells (not shown) we investigated whether inhibition of PI3 kinase could also enhance TRAIL-induced apoptosis in OVCAR3 cells. OV-CAR3 cells were treated with wortmannin (2 µM) for 1 h prior to TRAIL treatment and were assayed for apoptosis after a further 24 h. Figure 8(B) shows that wortmannin significantly (P < 0.001) increased the susceptibility of OV-CAR3 cells to TRAIL resulting in 70 % apoptosis, compared to 13% seen in cells treated with TRAIL alone.
These results support our hypothesis that the downregulation of cFLIP increases the susceptibility of OVCAR3 to TRAIL-induced apoptosis in reovirus-infected cells.
Over-expression of cFLIP blocks reovirus-induced sensitization of OVCAR3 cells to TRAIL-induced apoptosis To test our hypothesis that the down-regulation of cFLIP increases the susceptibility of OVCAR3 to TRAIL-induced apoptosis in reovirus-infected cells we next showed that this increase was blocked in the presence of over-expression of cFLIP. OVCAR3 cells, or OVCAR3 cells that had been transfected with a plasmid designed to over-express cFLIP, were infected with reovirus (MOI 10). Eighteen h following infection cells were treated with TRAIL (20 ng/ml) and were harvested after a further 5 h for immunocytochemistry using an antibody directed against active caspase 3 ( Fig. 8(E) ). Overexpression of cFLIP was found to significantly inhibit apoptosis in OVCAR3 cells treated with either TRAIL (P < 0.05) alone or TRAIL and reovirus together (P < 0.001).
Discussion
Like other human cancer cell lines, human ovarian cancer cells show different sensitivities to TRAIL-induced apoptosis which limits the clinical application of this reagent for the treatment of ovarian cancer. In this paper we show that reovirus infection synergistically increases the susceptibility of human ovarian cancer cell lines OVCAR3, SKOV-3 and PA-1 to TRAIL-induced apoptosis. Enhanced apoptosis in reovirus-infected, TRAIL treated OVCAR3 cells, compared to cell treated with TRAIL alone, was associated with increased activation of caspase 3. Both enhanced apoptosis and caspase 3 activation were dependent on caspase 8 activity and were blocked by a cell permeable peptide inhibitor of caspase 8 activity (z-IETD-fmk). Caspase 8 activation was also enhanced in reovirus-infected, TRAIL-treated OVCAR3 cells compared to cells treated with TRAIL alone. We further showed that reovirus infection decreased the levels of both cFLIP L and cFLIP S in OVCAR3 cells. In contrast to enhanced caspase 8 and caspase 3 activation decreased levels of cFLIP did not require TRAIL treatment and occurred in the presence of reovirus infection alone. . Eighteen h following infection cells were treated with TRAIL (20 ng/ml) and were harvested after a further 5 h for immunocytochemistry using an antibody directed against active caspase 3. The graphs in A and C show the mean apoptosis from three independent experiments. The graph in E shows the mean number of cells expressing active caspase 3 from three independent fields. Error bars represent standard errors of the mean This suggests that the increased susceptibility of OVCAR3 cells to TRAIL-induced activation of caspase 8, caspase 3 and apoptosis results from decreased levels of cFLIP in reovirus-infected OVCAR3 cells. This model of enhanced TRAIL-induced apoptosis following reovirus infection is supported by our demonstrations that; (1) over-expression of cFLIP blocks the ability of reovirus to sensitize OVCAR3 cells to TRAIL-induced apoptosis and (2) decreased cFLIP expression, following treatment with AS cFLIP oligonucleotides or inhibition of PI3 kinase activity, also enhances TRAIL susceptibility in OVCAR3 cells. It should be noted however that the PI3K inhibitor wortmannin is likely to induce additional effects in OVCAR3 cells that may influence the sensitivity of OVCAR3 cells to TRAIL. This may explain why wortmannin was better than AS cFLIP at sensitizing OVCAR3 cells to TRAIL-induced apoptosis even though their effects on cFLIP down-regulation were similar.
Our previous studies have demonstrated that reovirus does not alter the cell surface expression of TRAIL receptors in breast cancer cells [54] . Similarly we did not detect any changes in the expression of TRAIL-R1 or TRAIL-R2 receptor expression in reovirus-infected OVCAR3 cells (not shown). It is still possible, however that reovirus downregulates the expression of TRAIL decoy receptors in OV-CAR3 cells.
An increasing number of reports have indicated a role for cFLIP expression in determining TRAIL sensitivity in a variety of human cancer cells [29, 51, [59] [60] [61] , including ovarian cancer cell lines [29, 34, 35] and epithelial ovarian cancer tissues [36] . Decreased cFLIP expression following RNA interference has also been shown to significantly enhance cell death in TRAIL-treated cancer cells [30, 62] , including ovarian cancer cells [33] . Decreased cFLIP expression following treatment with other agents, including the chemotherapeutic agents actinomycin D, doxorubicin and CDDP [63] , histone deacetylase inhibitors [64] , and trichostatin A [65] may also contribute to increased TRAIL sensitivity, although in many cases these agents also induce pro-apoptotic changes in the expression of other molecules associated with apoptosis. Decreased cFLIP expression following reovirus infection in combination with TRAIL thus represents a new treatment strategy which has potential for the treatment of many human cancers.
The mechanism by which reovirus down-reglates cFLIP expression in OVCAR3 cells is not known. Previous studies have shown that cFLIP expression is influenced by the PI3 kinase [51, 57, 58] and NF-κB [51, 57, 66, 67] signaling pathways, neither of which were altered in OVCAR3 cells following reovirus infection (not shown). However, a recent report found that lymphoblastic Jurkat cells show increased TRAIL sensitivity following transfection with the prostateapoptosis-response gene (par 4) [68] . Enhanced apoptosis in the TRAIL-treated Jurkat cells was brought about by enforced cleavage of cFLIP together with increased activation of the initiator caspases 8 and 10. Microarray analysis indicates that par-4 expression is increased in HEK293 cells following reovirus infection [69] representing a potential mechanism for the down-regulation of cFLIP in OVCAR3 cells.
Reovirus infection is being currently being developed as a therapeutic strategy for the treatment of human cancer. Results from phase 1 clinical trails have shown that direct injection of reovirus into subcutaneous tumors has no toxic effects and phase 1 trials for intravenous inoculation and phase II trials for recurrent malignant gliomas are currently underway. Our results indicate that reovirus infection may also have potential for use in combination with TRAIL.
